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1. Introduction 

Inflation has become the standard paradigm for explaining the homogeneity and the 
isotropy of our observed Universe Jj]]. At some primordial epoch, the Universe is trapped 
in some false vacuum and the corresponding vacuum energy gives rise to an exponential 
growth of the scale factor. During this phase a small, smooth region of size of the order 
of the Hubble radius grew so large that it easily encompasses the comoving volume of the 
entire presently observed Universe and one can understand why the observed Universe is 
homogeneous and isotropic to such high accuracy Guth's original idea |§ was that the end 
of inflation could be initiated by the tunneling of the false vacuum into the true vacuum 
during a first-order phase transition. However, it was shown that the created bubbles 
of true vacuum would not percolate to give rise to the primordial plasma of relativistic 
degrees of freedom . This drawback is solved in slow- roll models of inflation [|l] where a 
scalar field, the inflaton, slowly rolls down along its potential. The latter has to be very 
flat in order to achieve a sufficiently long period of inflation which is terminated when the 
slow-roll conditions are violated. The Universe enters subsequently into a period of matter- 
domination during which the energy density is dominated by the coherent oscillations of 
the inflaton field around the bottom of its potential. Finally reheating takes place when 
the inflaton decays and its decay products thermalize. 

While building up successful slow-roll inflationary models requires supersymmetry as 
a crucial ingredient, the flatness of the potential is spoiled by supergravity corrections, 
making it very difficult to construct a satisfactory model of inflation firmly rooted in in 
modern particle theories having supersymmetry as a crucial ingredient. The same difficulty 
is encountered when dealing with inflationary scenarios in string theory. In brane-world 
scenarios inspired by string theory a primordial period of inflation is naturally achieved 
|4|] and the role of the inflaton is played by the relative brane position in the bulk of 
the underlying higher-dimensional theory || . In the exact supersymmetric limit the 
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brane position is the Goldstone mode associated to the translation (shift) symmetry and 
the inflaton potential is flat. The weak brane-brane interaction breaks the translational 
shift symmetry only slightly, giving rise to a relatively flat inflaton potential and allowing a 
sufficiently long period of inflation. However, the validity of brane inflation models in string 
theory depends on the ability to stabilize the compactification volume. This means the 
effective four-dimensional theory has to fix the volume modulus while keeping the potential 
for the distance modulus flat. A careful consideration of the closed string moduli reveals 
that the superpotential stabilization of the compactification volume typically modifies the 
inflaton potential and renders it too steep for inflation || . Avoiding this problem requires 
some conditions on the superpotential needed for inflation ]7|,|8|]. 

In this paper we propose a stringy version of the old inflation scenario which does not 
require any slow-roll inflaton potential and is based on string compatifications with warped 
metric. Warped factors are quite common in string theory compactifications and arise, for 
example, in the vicinity of D-branes sources. Similarly, string theory has antisymmetric 
forms whose fluxes in the internal directions of the compactification typically introduce 
warping. In this paper we focus on the Klebanov-Strassler (KS) solution || , compactified 



as suggested in [|10| , which consists in a non-trivial warped geometry with background 
values for some of the antisymmetric forms of type IIB supergravity. The KS model may 
be thought as the stringy realization of the Randall-Sundrum model (RSI) , where 
the Infra- Red (IR) brane has been effectively regularized by an IR geometry, and has been 
recently used to embed the Standard Model on anti-D3-branes (12[ . 



From the inflationary point of view, the basic property of the set-up considered in 
this paper is that it admits in the deep IR region of the metric the presence of p anti- 



_D3-branes. These anti-branes generate a positive vacuum energy density as in [13|. We 



consider a specific scenario studied in [14 1 where the anti-branes form a metastable bound 



state. For sufficiently small values of p, the system sits indeed on a false vacuum state 



with positive vacuum energy density. The latter is responsible for the accelerated period 
of inflation. In terms of the four-dimensional effective description, the inflaton may be 
identified with a four-dimensional scalar field parameterizing the angular position if) of 
the anti-.D3-branes in the internal directions. The curvature of the potential around the 
minimum is much larger than H%, being if* the value of the Hubble rate during inflation, 
and slow-roll conditions are violated. Under these circumstances, inflation would last for 



ever. The key point is that, as shown in |14j] , the false vacuum for the potential V(ijj) 



exists only if the number of anti-D3-branes is smaller than a critical number. If a sufficient 
number of anti-D3-branes travels from the Ultra- Violet (UV) towards the IR region, thus 
increasing the value of p, inflation stops as soon as p becomes larger than the critical value. 
At this point, the curvature around the false vacuum becomes negative, the system rolls 
down the supersymmetric vacuum and the graceful exit from inflation is attained. 

The nice feature about this scenario is that it may be considered intrinsically of stringy 
nature. Indeed, the false vacuum energy may assume only discrete values. Furthermore, 
even though the dynamics of each wandering anti-D3-brane may be described in terms of 
the effective four-dimensional field theory by means of a scalar field parameterizing the 
distance between the wandering anti-.D3-brane and the stack of p anti-.D3-branes in the 
IR, the corresponding effective inflationary model would contain a large number of such 
scalars whose origin might be considered obscure if observed from a purely four-dimensional 
observer [|15| . In this paper we consider a specific set-up that has been already analyzed 
in literature MM , however one could envisage other stringy frameworks sharing the same 



properties described here. 

The last ingredient we have to account for in order to render our inflationary sce- 
nario attractive is to explain the origin of cosmological perturbations. It is now clear that 
structure in the Universe comes primarily from an almost scale-invariant superhorizon 
curvature perturbation. This perturbation originates presumably from the vacuum fluctu- 



ation, during the almost-exponential inflation, of some field with mass much less than the 
Hubble parameter H*. Indeed, every such field acquires a nearly scale-invariant classical 
perturbation. In our scenario, the inflaton field mass is not light compare to H* and its 
fluctuations are therefore highly suppressed. However, its has been recently proposed that 
the field responsible for the observed cosmological perturbations is some 'curvaton' 'field 
different from the inflaton [IB]. During inflation, the curvaton energy density is negligible 



and isocurvature perturbations with a flat spectrum are produced in the curvaton field. 
After the end of inflation, the curvaton field oscillates during some radiation-dominated 
era, causing its energy density to grow and thereby converting the initial isocurvature into 
curvature perturbation. This scenario liberates the inflaton from the responsibility of gen- 
erating the cosmological curvature perturbation and therefore avoids slow-roll conditions. 
We will show that in our stringy version of the old inflation it is possible to find scalar 
fields which have all the necessary properties to play the role of the curvaton. 

The paper is organized as follows. In §2 we describe our stringy set-up deferring 
the technicalities to the Appendices. In §3 we describe the properties of the inflationary 
stage and the production of the cosmological perturbations. Finally, in §4 we draw our 
conclusions. The Appendices provide some of the details about the set-up discussed in §2. 



2. The set-up 

We consider a specific example of string compactification with warped metric that 
has all features for realizing old inflation in string theory. Here we will give a summary 
of the properties of the model, referring to the Appendices for a detailed discussion of the 
compactification and for a derivation of the various formulae. 

We are interested in a string compactification where we can insert branes and an- 
tibranes at specific locations in the internal directions. An explicit solution where one 

4 



can actually study the dynamics of the inserted branes is the Klebanov-Strassler (KS) 
solution ||, compactified as suggested in The KS solution consists in a non-trivial 

warped geometry with background values for some of the antisymmetric forms of type 
IIB supergravity. In particular, the RR four form Cu\ and the (NS-NS and R-R) two 
forms B(2) , C( 2 ) are turned on. There are indeed iV units of flux for C( 4 ) and M units 
of flux for C( 2 ) along some cycles of the internal geometry. The solution is non compact 
and one can choose a radial coordinate in the internal directions that plays the familiar 
role of the fifth dimension in the AdS / CFT correspondence and in the Randall-Sundrum 
(RS) models. The KS solution can be compactified by gluing at a certain radial cut-off 
a compact Calabi-Yau manifold that solves the supergravity equations of motion. In the 
compact model, one also adds an extra flux K for 5( 2 ) along one of the Calabi-Yau cycles 
10(1 . Summarizing, the solution is specified by the strings couplings a' and g s and by three 



integer fluxes N, M and K. These numbers are constrained by the tadpole cancellation 
condition (charge conservation). A detailed discussion of these constraints can be found 
in 



1C] and it is reviewed in the Appendices. The internal manifold typically has other 



non-trivial cycles. If needed, extra parameters can be introduced by turning on fluxes on 
these cycles. 



The KS solution was originally found in the the contest of the AdS/CFT correspon- 
dence as the supergravity dual of a confining N = 1 gauge theory. It represents the near 
horizon geometry of a stack of three-branes in a singular geometry in type IIB string the- 
ory. As familiar in the AdS/CFT correspondence, by looking at the near horizon geometry 
of a system of branes, one obtains a dual description in terms of a supergravity theory. 
Notice that in the KS supergravity solution there is no explicit source for the branes: the 
there-branes sources have been replaced by fluxes of the antisymmetric forms along the non 
trivial cycles of the internal geometry. The reason for this replacement is that D-branes in 
type II strings are charged under the RR-forms. The fluxes in the KS solution recall that 
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the background was originally made with (physical and fractional) three-branes charged 
under Cu\ and CV2) . However one must remember that the correct relation between branes 
and fluxes is through a string duality (the AdS/CFT correspondence). 

To our purposes, the KS model has two important properties. The first one is that 
there is a throat region where the metric is of the form 

ds 2 = h-^i^dx^dx" + h 1/2 (r)(dr 2 + r 2 ds {5) ) (2.1) 

for r < rjjv- Here we have chosen a radial coordinate in the compact directions and we 
have indicated with dsr^ the angular part of the internal metric. For r > rjjv-, (2.1) is 



glued with a metric that compactifies the coordinates r and contains most of the details 
of the actual string compactification. The important point here is that the warp factor 
h(r) is never vanishing and has a minimal value h(ro). Roughly speaking, the model is a 
stringy realization of the first Randall- Sundrum model (RSI), where the IR brane has been 
effectively regularized by an IR geometry. In first approximation, for r sufficiently large, 
the reader would not make a great mistake in thinking to the RSI model with a Planck 
brane at ruv an d an IR brane at r$ (see Figure 1). To avoid confusions, it is important to 
stress that, in our coordinates, large r corresponds to the UV region and small r to the IR 
(in the RS literature one usually considers a fifth coordinate z related to r by r = e~ z ). 



In particular, for r ^> r$ (but r < rjjy) the warp factor is approximately h{r) = R 4 /r 4 
and the metric for the five coordinates (a; M ,r) is Anti-de-Sitter as in the RSI model. In 
particular, we will write min/i(r) = -R 4 / r o in the following. The precise relation between 
parameters identifies [Tl] 
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Figure 1. The CY compactification with a throat and its corresponding interpreta- 
tion in terms of a simplified RSI model. Recall that small r means IR. D7 branes that 
might serve for generating non-perturbative superpotentials are naturally present in the 
UV region. 



where V is the internal volume and M p is the four-dimensional Planck mass. Here V is a 
modulus of the solution even though the dependence of the warp factor on the volume can 



be subtle 10 



The second property deals with the IR region of the metric. We are interested in 
putting p anti-D3-branes in the deep IR. They will break supersymmetry and provide 
the positive vacuum energy necessary for inflation. While the RSI model is not predictive 
about the fate of the anti-branes in the IR, in the KS model we can analyze their dynamics. 
It was observed in jl4j that the p anti-D3-branes form an unstable bound state. If the 
background were really made of branes, p anti-.D3-branes would annihilate with the existing 
D3 branes. In the actual background, one should think that the anti-D3-branes finally 
annihilate by transforming into pure flux for C(4) , under which they are negatively charged. 



The fate of the anti-D3-brane can be studied using string theory. The mechanism [13] , 
which is reviewed in Appendix III, is roughly as follows. It is energetically favorable for 
the anti D3-branes to expand in a spherical shell in the internal directions (see Figure 2). 
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The spherical shell is located in the IR at the point tq of minimal warp factor. The IR 
geometry is, in a good approximation, R 7 x S 3 and the branes distribution wraps a two 
sphere inside S 3 . 




0\|/ 31 

T cr 



Figure 2. The expanded anti-.D3-branes and the form of the potential for small values 
ofp/M. 



The set of all S 2 C S 3 is parameterized by an angle tp G [0, it], where = corresponds 
to the North pole and ijj = n the South pole. The angular position ip of the branes appears 
as a scalar in the world-volume action. As shown in [nj] the branes feel a potential in ip. 
The dynamics of the scalar field ip can be summarized by the Lagrangian 



L(V0 = Jd 4 x^Lf*K-T s ^ M ^ 



y 2 (^) A /l-a'^(a^) 2 -^(2^-sin2^) ) +p 



where T3 = ,» , 3 1 , M2 is the tension of the anti-.D3-branes and 

° (271-)^ (a')- 2 



(2.3) 



W) = ^sin^ + (^-^ + ^ 



(2.4) 



with 6 = 0.9. 



For sufficiently small p/M, the potential 



VM = MT 3 (^) 4 [y 2 (V) - ^(2^ - sin2^) + |r] 



(2.5) 



has the form pictured in Figure 2. The original configuration of p anti-.D3-branes can be 
identified with a (vanishing) spherical shell at ijj = 0. The total energy of the configuration 
is 

V(i; cr )^Vo = 2pT 3 (^y , (2.6) 
where (^-) 4 is due to the red-shift caused by the warped metric and the factor of two is 



determined by an interaction with the background fluxes explained in [p!4[ . As shown in 
Figure 2, it is energetically favorable for the branes to expand until if> reaches the local 
minimum at ip cr . The configuration is only metastable; the true minimum is at ip = n 
where the shell is collapsed to a point and the energy of the system vanishes. This means 
that the anti-branes have disappeared into fluxes: the final state is supersymmetric and of 
the same form of the KS solution with a small change in the fluxes: M — > M — p and in 



K -> K- 1 [ffl. 



Consider an initial configuration where the bound state of anti-branes is in the false 
vacuum t(j cr . This provides a vacuum energy V(if> cr ) that causes inflation. For small val- 
ues of p/M, the critical value of if) ~ p/M is near zero and the vacuum energy of the 
configuration is approximatively given by ( |2.6| ). The mass squared of the fluctuation if) 
around the false vacuum can be computed using the Lagrangian (^1|) and reads approxi- 
matively ~ (l/a')(r Q /R) 2 . With a reasonable choice of parameters, we can easily get 



ml > Hi = V(i; cr )/M^ where 



is the Hubble rate squared during inflation. This means that the field if) providing the 
energy density dominating during the inflationary stage is well fixed at the false ground 
state. The false vacuum can decay to the real vacuum at ijj = n by a tunneling effect 
but the necessary time, computed in |nj , is exponentially large. Without any interference 



from outside, inflation will last almost indefinitely. 
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2.1. Anti-D 3-branes in the throat 



Inflation may stop if extra anti-D3-branes are sent in and increase the value of p. The 
crucial point is that there is a maximal value p cr of p/M for which the potential V(tp) has 
a false vacuum. For p > p cr , the potential is a monotonic decreasing function of i/j (see 
Figure 3). 

If we send in a sufficient number of anti-D3-branes and p reaches the critical value the 
false vacuum disappears and ip starts rolling down to the real vacuum at ip = finishing 
the inflationary period. 




^ 6T5 i its 2 2.5 3 0.5 1 1.5 2 2.5 3 

Figure 3. The function V^VO — ^(^V* ~~ sin 2^) + -jfe, equal to the potential V(ip) up 
to an overall scale, for p/M = 0.03, where there is a false vacuum, and for p/M = 0.09 
where the potential is monotonic. 

We suppose that the extra anti-branes were originally present in the compactification 
at r > ruv and that they left the UV region of the compactification for dynamical reasons. 
Their initial energy at r = ruv is obtained by multiplying the brane tension with the red- 
shift factor. For a single anti- brane entering the throat, the initial energy is T^{ 1 - l ^-) 4l . 
We require that the anti-D3-brane is a small perturbation of the system and the vacuum 
energy is still determined by the IR stack of branes. To this purpose, we must require 

To satisfy this condition, we need to consider a mild warping in the throat or large values 

10 



of the fluxes. Both requirements can be obtained by varying the integers M, K (and 
the internal manifold) while keeping order unity values for the fundamental parameter 
g s and a' 3> M~ 2 , T3 < 1/a' 2 <C M 4 . For instance, a judicious choice would be K ~ 
M > p > (R/r ) 4 and therefore N ~ M 2 . If so, H 2 ~ T 3 /M 2 and mJ/# 2 > 1 when 

Once in the throat, the anti--D3-brane feels a force toward the IR that can be estimated 
as follows. In flat space, there is no-force between anti-.D3-branes since they are mutually 
BPS. In the curved background, however, there is a force due to gravity and the RR forms. 
The effective Lagrangian for the radial position of the brane is computed in Appendix II 
and reads 

L(r) = -T 3 J d 4 x^ + ^r 2 - 2/i" 1 (r)) . (2.9) 

In this equation the potential is twice the red-shift factor, since the contribution of the RR 
forms is equal to that of gravity. The computation leading to equation ( |2.9| ) is similar to 
that performed in ||, where a .D3-brane was moving in the throat. For example, there is 
the same coupling to the Ricci scalar. A crucial difference with || is that, in their case, 
the potential for a L>3-brane was flat and slowly varying. An anti-.D3-brane has instead 
a large potential V ~ r 4 /R 4 and is rapidly attracted to the IR. The Lagrangian (|2.9|) is 



valid for r ^> tq. Once the anti-brane reaches r = ro, one should analyze the interaction 
between anti-D3-branes more closely. In first approximation, the net effect of sending in 
a single anti-L>3-brane is to shift p — > p + 1. 

2.2. Volume stabilization 

We suppose that all the moduli of the compact ificat ion have been stabilized. Back- 
grounds like the KS one are particularly appealing because all the complex structure moduli 



of the internal manifold are stabilized by the fluxes |T(J . To this purpose, we can also turn 
on extra fluxes along the other cycles of the internal manifold. One Kahler modulus, the 
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internal volume, however, is left massless. This is a typical problem in all string compacti- 



fications. One can imagine, as in [13 1 , that a non-perturbative superpotential is generated 
for the volume. Non-perturbative potentials can be generated, for example, by the gaug- 
ino condensation in gauge groups arising from branes in the UV region (see Figure 1) ||13|| . 
These non-perturbative effects arising from the the UV will not affect the dynamics of the 
stack of anti-branes that are located in the IR region. Moreover, D7 branes are naturally 
present in F-theory compact ificat ions that could serve as a compactification of the KS 
solution fllQfl . Each strongly coupled gauge factor U(N C ) would produce a superpotential 



for the volume of the form 

where p = + io, Rcy being the radius of the internal manifold, is a chiral superfield 
whose real part is related to the internal volume and whose imaginary part is an axion-like 



field. Formula (|2.10| ) follows from the fact that a D7-branes wrapped on four internal 
directions has a gauge coupling \jg\ M ~ Rq Y /9s- We can even suppose that multiple 
sets of D7 branes undergo gaugino condensation. In this case we can easily get racetrack 
potentials consisting of multiple exponentials where the volume is stabilized with a large 
mass while the axion is much lighter, as we will discuss in the next Section. Under these 
circumstances, the axion will play the role of the curvaton. 

Notice that both the wandering and the IR anti-D3-branes generates an extra con- 
tribution to the potential for the volume. For example, the IR stack of branes gives a 
contribution 

~ (p^jpp ||13| ,|6[| ^ . Similarly to what supposed in [Q| , we will assume that the 
scales in the superpotentials are such that the volume stabilization is not affected by the 
contributions present during inflation so that the volume is frozen to its minimum. 

As pointed out in H , there is the extra problem that the stabilization of the volume 



1 This behavior can be understood by a Weyl rescaling g — > g/V (in order to decouple metric 
and volume fluctuations fli~0|l ) and by including the warp factor dependence on the volume || . 
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induces a mass term for the world-volume brane scalar fields of the order of the Hubble 
constant. An explicit coupling to the Ricci tensor has been included in the Lagrangian 
( p.9|) for the scalar r; it does not affect our arguments as we will discuss in the next section. 



3. Inflation and the cosmological perturbations 

As we have pointed out in the previous section, the primordial stage of inflation is 
driven by the vacuum energy density (|2.6| ) stored in the false vacuum provided by a set 
of p anti-.D3-branes sitting in the deep IR region of the metric. In terms of the four- 
dimensional effective description, the inflaton is identified with a four-dimensional scalar 
field parameterizing the angular position ift of the anti-.D3-branes in the internal directions. 
The curvature of the potential around the minimum is much larger than the Hubble rate 
( p.7|) during inflation. Since slow-roll conditions are not attained, the curvature perturba- 
tion associated to the quantum fluctuations of the inflaton field %j) is heavily suppressed. 

_ 2 / 717-2 

Its amplitude goes like e v>' *, with ^> H*, and the spectrum in momentum space 



is highly tilted towards the blue [[[7 



In our set-up inflation is stopped by whatever mechanism increases the number of p 
anti-.D3-branes beyond some critical value. Indeed, as we have explained in the previous 
section, the false vacuum for the potential exists only if the number of anti-D3-branes is 
smaller than a critical number p cr . If the number p changes by an amount Ap (typically 
a fraction of M) becoming larger than a critical value, the curvature around the false 
vacuum becomes negative, the system rolls down the supersymmetric vacuum and the 
graceful exit from inflation is attained. This mechanism is different from what happens in 
the four-dimensional hybrid model of inflation |18| where inflation is ended by a water-fall 
transition triggered by the same scalar field responsible for the cosmological perturbations 
and is more reminiscent of the recently proposed idea of old new inflation described in Ref. 

m- 
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We may envisage therefore the following situation. Suppose that a number of anti-D3- 
brane is left in the UV region of the compactification for dynamical reasons. Once in the 
throat, each anti--D3-brane feels an attractive force toward the IR proportional to (r/i?) 4 , 
where r stands for the modulus parameterizing the distance between each anti-.D3-brane 
and the IR region. The dynamics of such a modulus is described in terms of the Lagrangian 
( |2.9| ) . Notice, in particular, that the canonically normalized field (p = y/T^r during the 
inflationary stage receives a contribution to its mass squared proportional to H%, 

Aml = -^ = 2Hl (3.1) 

where we have made of use of the fact that during a de Sitter phase 1Z = —12H 2 . This 
contribution spoils the flatness of the potential in slow-roll stringy models of inflation 
where the inflaton field is identified with the inter-distance between branes ||. In our 
case, however, such a contribution is not dangerous and its only effect is to suppress the 
quantum fluctuations of the field 0. 

Once an anti-D3-brane appears in the UV region, it rapidly flows towards the IR region 
under the action of a quartic potential A</> 4 , where A ~ (T 3 i?) _1 , and it starts oscillating 
around the value 4>o = \/^3 r o under the action of the quadratic potential ~ Am|</> 2 . Since 
the Universe is in a de Sitter phase, the amplitude of the oscillations decreases as 

4> = 4> t e-^-^\ (3.2) 

where Af = ln(o/oi) is the number of e-foldings and the subscript i denotes some initial 
condition. Once the energy density stored in the oscillations becomes smaller than ~ 
1 / a' 2 the anti-.D3-brane stops its motion and gets glued with the p anti-D3-branes in the 
IR. At this stage, their number is increased by one unity, going from p to p + 1. Once 
the number of anti-.D3-brane becomes equal to p cr , inflation ends since the system rolls 
down towards the supersymmetric vacuum at ift = it. At this stage the vacuum energy 
is released. From the four-dimensional point of view, this reheating process takes place 

14 



through the oscillations of the inflaton field ijj about the minimum of its potential with 
mass squared ~ (l/a')(ro/R) 2 . From the higher-dimensional point of view, the reheating 
process corresponds to a transition between a metastable string configuration with fluxes 
M, K and anti-branes to a stable one. The anti-branes annihilate releasing energy and 
changing the values of the fluxes, M M — p,K K — 1. There is also a complementary 
description of the reheating process in terms of the holographic dual. The IR description 
of the original system can be given using the dual gauge theory SU (2M — p) ® SU (M — p) 
(this is the endpoint of the KS cascade [®Jl4l ) . The reheating corresponds to the transition 
from a metastable non-supersymmetric baryonic vacuum to the the supersymmetric one 



14]. The details of reheating on other three or seven branes supporting our Universe are 



worth studying in more detail, but this goes beyond the scope of this paper. 

We could try to obtain more realistic IR physics by introducing other three or seven 
branes, which might support our universe. An attempt to embed the Standard Model of 
particle interactions in the set-up described in this paper was recently done in Ref. |jT2| 



3.1. The number of e- foldings 

In our set-up, the total number of e-foldings depends on the initial number of p anti- 
_D3-branes sitting in the deep IR region (the only necessary condition is p < p cr ), on the 
number of wandering anti-D3-branes in the bulk and, also, on the time interval separating 
each wandering anti-D3-brane from the next one. 

Due to our ignorance on the initial state, one can imagine some extreme situations. 
For instance, suppose that the initial number of p anti-D3-branes sitting in the deep IR 
region differs from p cr only by one unity. One wandering anti-.D3-brane is therefore enough 
to stop inflation. Using Eq. ( |3.2| ) and taking as (pi the (conservative) value at which the 
quadratic potential dominates over the quartic one, the number of e-foldings corresponding 
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to the motion of a single anti-D3-brane before capturing is 

(3.3) 



N ~ -In 
3 



pN(r /R) 4 



Ml 



a.' 



One has to impose pN to be much larger than the warping factor (R/ro) 4 in order to get 
a sizable number of e-foldings. This means that the minimum number ~ 50 of e-foldings 
necessary to explain the homogeneity and isotropy of our observed Universe cannot be 
explained in terms of a single wandering anti-D3-brane, but is likely to be provided by the 
prolonged de Sitter phase preceding the appearance of the wandering anti-D3-brane. 

As an alternative, consider the case in which the initial number of p anti-D3-branes 
sitting in the deep IR region differs from p cr by several units, say ~ M. Under these 
circumstances several wandering anti-.D3-branes are needed to exit from inflation. Sup- 
posing that the wandering anti-.D3-branes are well separated in time, the total number of 
e-foldings between the appearance of the first anti-.D3-brane and the end of inflation is 
given at least as large as 

0. lpN(r /Rf] 



2 

J\f M In 

3 



We conclude that the last 50 e-foldings before the end of inflation might well correspond 
to the period during which M ~ 50 anti-D3-branes flow into the throat. 

3.2. The generation of the cosmological perturbations 

As we have pointed out in several occasions, both the inflaton and the modulus pa- 
rameterizing the distance between the wandering anti-.D3-branes and the IR region are 
four-dimensional degrees of freedom whose mass is much larger than the Hubble rate dur- 
ing inflation. This implies that their quantum fluctuations are not excited during inflation. 
Fortunately, it has recently become clear that the curvature adiabatic perturbations re- 
sponsible for the structures of the observed Universe may well be generated through the 



quantum fluctuations of some field other than the inflaton |16[] . The curvaton scenario 
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relies on the fact that the quantum fluctuations of any scalar field in a quasi de Sitter epoch 
have a flat spectrum as long as the mass of the field is lighter than the Hubble rate. These 
fluctuations are of isocurvature nature if the energy density of the scalar field is subdom- 
inant. The scalar field, dubbed the curvaton, oscillates during some radiation-dominated 
era, causing its energy density to grow and thereby generating the curvature perturbation. 

The requirement that the effective curvaton mass be much less than the Hubble pa- 
rameter during inflation is a severe constraint. In this respect the situation for the curvaton 
is the same as that for the inflaton in the inflaton scenario. To keep the effective mass 
of the inflaton or curvaton small enough, it seems natural to invoke supersymmetry and 
to take advantage of one of the many flat directions present in supersymmetric models. 
However, one has to check no effective mass-squared ~ H% is generated during inflation. 

An alternative possibility for keeping the effective mass sufficiently small is to make 
the curvaton a pseudo Nambu-Goldstone boson (PNGB), so that its potential vanishes 
in the limit where the corresponding global symmetry is unbroken. Then the effective 
mass-squared of the curvaton vanishes in the limit of unbroken symmetry and can indeed 
be kept small by keeping the breaking sufficiently small. The curvaton as a PNGB has 



been studied in detail in Ref. 20 



As we have anticipated in §2, non-perturbative superpotentials are expected to be 
generated for the volume modulus. They can be generated, for example, by the gaugino 
condensation in gauge groups arising from branes in the UV region and wrapped on four 
internal directions. This happens for D7 branes which are naturally present in F-theory 
compactifications that could serve as a compactification of the KS solution [I(J . If multiple 
sets of D7 branes undergo gaugino condensation, one can get racetrack potentials consisting 
of multiple exponentials. If we suppose that the Kahler potential does not depend upon the 
imaginary part of the volume modulus p, let us call it a = Imp, and if the non-perturbative 
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superpotential is of the form 

W ~ e~ ap + e~ bp + ■■■ (3.5) 

where a < b are some positive constants, then the axion-like field a receives a mass which 
is suppressed by the exponential ~ e~^ b ~ a ^ Rep with respect to the mass of the volume my 


ml ~ e - (6 - a)Rep m v . (3.6) 

Because of the exponential suppression, the condition m 2 a <C H 2 during inflation does not 
require any particular fine-tuning. The axion a plays the role of the curvaton. Furthermore, 
since the non-perturbative superpotentials arise in the UV region, no warping suppression 
is expected and the axion scale / will be of the order of M p in the four-dimensional effective 
theory. The condition m a / f <C 10 -2 imposed in order to be sure that inflation lasts enough 
for the curvaton to be in the quantum regime |2D] is likely to be satisfied. 



The requirement that the curvaton potential be negligible during inflation corresponds 

to 

fm a < M P H*. (3.7) 

Since it is assumed that the curvaton is light during inflation, m a -C -£/*, on super-horizon 
scales the curvaton has a classical perturbation with an almost flat spectrum given by 

<^V = §- (3.8) 

When, after inflation, H ~ m a , the field starts to oscillate around zero. At this stage the 
curvaton energy density is p a = \m\a1 while the total is p ~ H 2 Mp. Here a* is the value 
of the curvaton during inflation. The fraction of energy stored in the curvaton is therefore 
~ (a*/M p ) 2 , which is small provided that a* M p . 

After a few Hubble times the oscillation will be sinusoidal except for the Hubble 
damping. The energy density p a will then be proportional to the square of the oscillation 
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amplitude, and will scale like the inverse of the locally-defined comoving volume corre- 
sponding to matter domination. On the spatially flat slicing, corresponding to uniform 
local expansion, its perturbation has a constant value 

Sp - ■ (3-9) 



Pa \cr 

The factor q accounts for the evolution of the field from the time that m a /H becomes 
significant, and will be close to 1 provided that cr* is not too close to the maximum value 
ttv. The curvature perturbation ( is supposed to be negligible when the curvaton starts to 
oscillate, growing during some radiation-dominated era when p a /p oc a. After the curvaton 
decays £ becomes constant. In the approximation that the curvaton decays instantly (and 



setting q = 1) it is then given by |]T6 



c*%( 6 4) , (3-io) 



(3.11) 



3 V o- 

where 

= Pz. 

P D 

and the subscript D denotes the epoch of decay. The corresponding spectrum is 



It must match the observed value 5 x 10 [^2| which means that H*/2na* ~5x 10 /j- 
The current WMAP bound on non-gaussianity [ 23j requires 7 > 9 x 10 -3 . In terms of the 
fundamental parameter of our theory, we get 



, . < 10" 2 , (3.13) 

where we have taken a* ~ / ~ M p . 

Before closing this section, we would like to mention a possible alternative for the 
curvaton field. During its motion toward the IR, the anti-D3-brane can fluctuate in the 
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internal angular directions. The scalar fields associated with the angular positions are 
almost massless. In particular, being angles, they do not get masses from the volume 
stabilization mechanism. In the Kahler potential of four-dimensional supergravity the 
volume modulus p always appears in the combination p + p — k(<fii,<fii) |2~3]j , where <pi 
collectively denote the position of the branes in the six internal directions, and k is the 
Kahler potential for the geometry. This coupling generates a mass for the fluctuations (pi. 
However, at least for large values of r, the geometry has several isometries and k((p, (ft) 
does not depend on some of the angles. For example, for large r the geometry of the KS 
throat is that of a cone over the Einstein manifold T 1 ' 1 = SU(2) <g> SU(2)/U(1). The 
internal geometry has therefore the isometry SU(2) ® SU(2) <g> U(l) that guarantees the 
independence of k((p, (p) from some angles. In this way, the form of potential for the angular 
fluctuations is not affected by the stabilization mechanism and leaves some angles much 
lighter than the Hubble rate during inflation and they may play the role of the curvaton(s). 
The isometries do disappear in the IR region, since there the singular cone over T > is 
made smooth by deforming the tip of the cone. One then expects that such curvatons 
becomes massive after inflation and decay during or after reheating. If so, one expects 



7 < 1 thus enhancing the non-Gaussian signature [25 



Another relevant prediction of our model is that the Hubble rate during inflation is 
not necessarily small. This is different from what usually assumed in models which make 
use of the curvaton mechanism to produce cosmological perturbations where the Hubble 
rate is tiny in order to suppress the curvature perturbations from the inflaton field. In 
our set-up the latter are suppressed on superhorizon scales not by the smallness of H*, 
but by the fact that the inflaton field ip is not light during inflation. Therefore, a generic 
prediction of our model is that gravitational waves may be produced at an observable level 
and close to the present bound corresponding to H* < 10 14 GeV |2(| . 
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4. Conclusions 



Brane- world scenarios in string theory offer new ways of obtaining a primordial period 
of inflation necessary to account for the homogeneity and isotropy of our observed Universe. 
At the same time, they pose some challenges. In warped geometries, implementing volume 
stabilization spoils the flatness of the inflaton potential in brane-antibrane inflation || 
unless a shift symmetry is preserved [[?|||. 

In this paper we have described a specific example of string compatification with 
warped metric which leads to the old inflation scenario and does not require any slow-roll 
inflaton potential. Warping is introduced by antisymmetric forms with nonvanishing fluxes 
in the internal directions of the compactification. A stack of anti-.D3-branes reside in the 
deep IR region of the warped metric and, if their number is not larger than a critical value, 
supersymmetry is broken and a false vacuum is formed. From the four-dimensional point 
of view, the system is described in terms of a scalar field parameterizing the position of the 
antibranes along the internal directions. Such a scalar is well anchored at the false vacuum 
with a mass much larger than the Hubble rate during inflation. Slow-roll conditions are 
violated. Graceful exit from inflation is attained augmenting the number of antibranes in 
the IR region by sending antibranes towards the IR from the UV region of the warped 
geometry. These single wandering antibranes are inevitably attracted by the stack of 
antibranes in the IR and, after a few oscillations, end up increasing the number of the 
antibranes in the stack thus stopping inflation. Cosmological curvature perturbations are 
generated through the curvaton mechanism. We have primarily focused on the imaginary 
part of the volume modulus as a curvaton field, showing that its mass can be easily lighter 
than the Hubble rate during inflation. The curvaton acts as a PNGB whose dynamics has 



been thoroughly studied in |2~0|j 



There are interesting issues which would deserve further and careful investigation. 
First of all, we have not studied in this paper the process of reheating. From the four- 
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dimensional point of view, reheating takes place through the oscillations of the inflaton 
field ijj about the minimum of its potential with mass squared ~ (l/a')(ro/R) 2 . From 
the higher-dimensional point of view, reheating corresponds to the disappearance of the 
stack of antibranes and the appearance of fluxes. The final state is supersymmetric and 
of the same form of the KS solution with a small change in the fluxes: M —>■ M — p and 
in K — > K — 1. Using the holographic duality, we can identify the final state with an 
SU (2M — p) <S> SU (M — p) supersymmetric gauge theory. We could try to obtain more 
realistic IR physics by introducing other three or seven branes, which might support our 
universe. An attempt to embed the Standard Model of particle interactions in the set-up 



described in this paper was recently done in Ref. ||12|| . With a specific model at hand the 
details of the transition to the final state and the reheating process could be studied. It 
would be also interesting to see whether this transition leaves behind topological defects 



27J] and which is, eventually, their impact of the subsequent cosmological evolution. We 



will come back to all these issues in the next future. 
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Appendix I. The KS solution 

Warped solutions with a throat of the form ( |2.1| ) are common in string theory. They 
can be generated by either a stack of branes or by using solutions with RR fluxes. The 
two pictures (branes versus fluxes) are dual to each other in the sense of the AdS/CFT 
correspondence. We will consider solutions with fluxes. One can take many examples out 
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of the AdS/CFT literature. In this context one usually consider non-compact solutions 
with a radial coordinate r. To obtain a compact model, one must truncate the metric at 
a certain UV scale ruv an d glue a compact manifold for r > ruv- Varying the internal 
manifold and the combinations of brane/fluxes, one can engineer various super symmetries. 

For example, if we choose h(r) = R 4 /r 4 and the metric for the round five-sphere for 



(is ( 5 ), we obtain 



r 2 R 2 

ds 2 = —rdxu,dx^ H T dr 2 + R 2 ds Sc ,, (1.1) 

R z r z 



the product of AdS$ x S 5 . The solution also contains iV units of flux for the RR four-form 
C(4) along S 5 . This choice of warp factor corresponds to a maximally supersymmetric 
solution of string theory and it is equivalent to the RSII model. The compact manifold 
glued for r > ruv corresponds to an explicit realization of the Plank brane of the RS 
scenario. The RSI model can be obtained by truncating the metric ( |2.1|) at r = ro by the 
insertion of an IR brane. In contrast to the RSII model, the warp factor is now bounded 
above zero and has a minimal value that has been used to study the hierarchy problem. 

The IR brane can be replaced by any regular geometry that has a non-zero minimal 
warp factor. A regular type IIB solution with background fluxes with this property has 
been found by Klebanov and Strassler. In terms of an appropriate radial coordinate r for 
which the IR corresponds to r = 0, the KS solution has a the form 

ds 2 = h- 1/2 (r)dx^dx» + h 1/2 (T)dsf 6) , (1.2) 

with 

h(r) = const x I(t), 

,, s f°° x cothx — 1 . . .1/0 

J(r) = / 2 (sinh(2x) - 2x) 1/3 

J T sinh x 

and with a complicated internal metric, which depends on r and five angles. Here dsrg) is 
the metric for a deformed conifold. It is obtained by taking a cone over a five-dimensional 
Einstein manifold (T > ) with the topology of S 3 x S 2 and by deforming the tip of the cone 
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in order to have a smooth manifold. The resulting manifold has a non-trivial S 3 cycle. In 
addition to the non-trivial metric, there are fluxes for the antisymmetric forms of type IIB 
supergravity. The solution preserves N = 1 supersymmetry. 

The non-compact KS solution can be embedded in a a genuine string compactification 



as explained in |T0[. The most convenient way is to consider F-theory solutions that 
can develop a local conifold singularity. An explicit example is provided in fliTfl . In the 
compact solution, the R-R and NS-NS two-forms have integer fluxes along the S 3 cycle of 
the conifold (call it A) and along its Poincare dual B, respectively: 

' r F = M, —\— [ H = -K, (1.4) 



B 



(27r) 2 a' J A ' (2tt)V 

where F and H are the curvatures of C^) an d -B(2)- I n order to avoid large curvature in 
the solution that would invalidate the supergravity approximation, the integers M and K 
must be large. The solution has a minimal warp factor that is given by e~ 3 b s m . 

We can include wandering D3 and anti-D3-branes in the compactification. For this 
we must ensure that the total D3-charge is zero, as required by Gauss law in the case of a 
compact manifold. The effective D3-charge gets contribution from D3 and anti-.D3-branes 
and from the various couplings of CV 4 ) to the two-forms and to the curvature of the internal 
manifold. The resulting constraint is 

H = N 3 - N 3 + KM, (1.5) 

where ./V3, ./V3 are the number of branes and anti-branes and x is the Euler characteristic of 
the manifold used for the F-theory compactification. In all our examples, ^3 = and the 
number of anti-branes p is much smaller than the background flux M. Defining iV = x/24 
the effective _D3-charge, we have to satisfy iV = KM. 



We will only need the asymptotic behavior of the metric ([I.2| ) for large and small 
radial coordinate, where it assumes the form given in ( |2.1|) . For large r, it is convenient 
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to use the variable r 2 ~ e 2T//3 and we have 



R A f r 
M r ) = ~ ( 1 + const log - — ) (1.6) 



r \ r, 



cr 



which corresponds to a logarithmic deformation of AdS. For small r, h{j) approaches a 
constant and the internal metric <is( 6 ) is the product R 3 x S 3 . The radius square of S 3 
(measured in ten dimensional units) is of order g s Ma' and this quantity must be large for 
the validity of the supergravity approximation. 

According to the holographic interpretation of the RS model, the IR part of the 
geometry corresponds to four-dimensional matter fields that are determined by using the 
AdS/CFT correspondence: the IR part of the metric in the RSII model corresponds to a 
CFT theory, the IR part of the metric of the KS solution corresponds to a pure SYM theory. 
In particular, the holographic dual of the KS solution, for p = and N multiple of M (N = 
MK), is a SU(N + M) ®SU(N) gauge theory, which undergoes a series of Seiberg duality 
leaving a pure confining SU(M) SYM theory in the IR 0. For p ^ 0, we can expect that 
the anti-D3-branes annihilate p physical branes giving a SU (N + M — p) eg) SU (N — p) gauge 
theory. As discusses in H[b§ , the Seiberg duality cascade stops at SU (2M—p)®SU (M—p), 



a gauge theory with still a moduli space of vacua. 



Appendix II. The wandering anti-D3-branes 

An anti-D3-brane entering the throat region at r ^> tq can be considered as a probe. 
It will feel a force toward the IR region. Anti-D3-branes are mutually BPS and, therefore, 
in first approximation, the contribution to the force from the IR stack of p anti-branes can 
be neglected. The wandering anti-brane will feel a potential due to the non-trivial warp 
factor and the RR-fields background. We also suppose that the stack of IR branes is not 
modifying the background and it has the only effect to induce a non-zero vacuum energy. 



In a more precise calculation, one should consider a de-Sitter deformed KS solution []28 
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In the probe approximation, the back-reaction on the metric can be neglected. The 
fields in the world-volume effective action couple to the metric and to all background 



antisymmetric forms. Our background for r ^> r$ has the form given in (271) and a 
non-vanishing four-form 

C (4) ~h-\r)eQ 12 3. (Ill) 
We write the effective action for the position of a D3 or anti-.D3-brane probe, 

S = ~T 3 J d^^JWE + qn J C (4) . (IL2) 

The first term in this equation is the Born-Infeld action that depends on the induced metric 
and the second term is the Wess-Zumino coupling to the RR fields. Here T 3 = j^wh^Yg 
is the tension of the brane and q is the charge under Cu) which is +1 for D3-branes and 
-1 for anti-.D3-branes. With the given values for the background fields, 

S = -T 3 J d 4 xh-\r)^l - h(r)(dr) 2 + qT 3 J d 4 h-\r). (II.3) 

We see that the potential energy for a brane is given by two contributions, one coming 
from the non-trivial red-shift of the metric and a second one coming from the RR fields. 
A L>3-branes feels no force in this background 

V(r) = -T 3 /i _1 (r) + T 3 /i _1 (r) = 0. (II.4) 

This fact can be understood easily if one invoke the duality that relates our background 
with fluxes to systems of L>3-branes. The KS solution is dual to an N = 1 gauge theory 
with a moduli space of vacua. In the language of branes, this corresponds to the possibility 
to separate one or more D3-branes from the stack with no cost in energy. The gravitational 
attraction between branes is compensated by the charge repulsion due to the RR fields. 
The fact that a L>3-brane is a BPS object in the background was used in to obtain an 
almost flat potential for the moving brane. 
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On the other hand, the anti-D3-branes will feel a potential 



V(r) = -T^h~ l (r) - Tsh'^r) = -2T 3 /i- 1 (r). (II.5) 

In this case, indeed, the charge of the anti-D3-branes has changed sign and the Coulomb 
and gravitational forces will add. 

In the Lagrangian for the anti--D3-branes we should also include a coupling to the 
four-dimensional curvature 1Z. To our purpose, we can approximate the metric for large 
r with an AdS metric. In a five-dimensional AdS background this coupling has been 
computed in for large r. The coupling is generated by the Born-Infeld part of the 
action and therefore has the same sign for both D3 and anti-D3-branes. The result is that 
of a conformally coupled scalar. 

Including all contributions the effective action for the anti-.D3-branes reads (up to two 
derivatives) 

L(r) = -T a [ d 4 x^ (^(d^d.r) + ^r 2 - 2h-\r)) . (11.6) 



Appendix III. The IR anti-branes 



Our purpose in this Section is to explain formula (|2.3| 



= -T 3 J d 4 x^^ 



M[ y 2 (^) A /l--|(^)2-i-(2^-sin2^) ) +p 



(III.l) 



giving a brief account of how it is obtained. Details can be found in ||14| . In this Section 
we put a' = 1. 

In the IR the internal metric is the product R 3 x S 3 . The total geometry is R 7 x S 3 
with the radius square of S 3 being b^gsMa' (6q ~ 0.9). As already mentioned, this quantity 
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must be large for the validity of the supergravity approximation. We can choose the metric 
for S 3 as 

blg s M{d^ 2 + sin 2 ^fi (2) ). (III.2) 

There are also non-trivial RR and NS-NS form. From the condition j s3 F = 4n 2 M, one 
easily gets the potential 

c (2) = AtvM (4 - s J^tj d n {2) (ni.3) 

With a more accurate computation using the equations of motion one can also determine 
if( 3) and its dual if( 7 ) = *if (3) (iJ (7) = dB^) fjj 



The crucial observation for studying the dynamics of the system is that a NS-brane 
wrapped on a two sphere in S 3 with p units of world-volume flux has the same quantum 
number of the stack of p anti-branes. This is a standard observation in string theory (for a 
partial list of references related to our configuration see |3(|). Consider indeed a NS-brane 
wrapping the cycle specified by the angle if). It has a world- volume action 

S = / d 6 x^G IND + 9s (2-kF {2) - C (2) ) + fi 5 / d 6 xB {6) (III.4) 
9 s J J 

This action can be obtained by S-duality from the Born-Infeld and Wess-Zumino action 
for D5 branes. In string units a' = 1, ^5 = = £^2 is the tension of a L>5-brane. Fp) 
is the U(l) world- volume field of the brane that, for gauge invariance, must always couple 
to C( 2 )- Beside the Wess-Zumino term -8(6), corresponding to the unit charge of the NS 
brane, there is a Wess-Zumino coupling CV4) A (27rF( 2 ) — C(2))- This term is responsible for 
the induced anti--D3-charge when we introduce a non-zero flux for F( 2 ) on the two-sphere, 



/ F (2) = 2np. (III.5) 

Js 2 



>s 

When the NS brane is at ip = 0, the two-sphere is vanishing and the five-brane becomes 
effectively a three brane. This three brane is not tensionless because F( 2 ) enters explicitly 
in the Born-Infeld action. By reducing the action ( pi.4| ) on the vanishing two-sphere we 
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obtain a three brane with tension 4p-K 2 T^ = pT^ and negative D3-charge -p. These are the 
quantum numbers of a stack of p anti-D3-branes. 

The description in terms of a wrapped NS brane it useful when i/i ^ and it shows 
that the stack of branes can lower its energy by expanding into an NS brane. Formula 
( [ill.l| ) is obtained from ( |111.4j ) by integrating on the two-sphere. The potential 

W) = i^inV + (^ + ^) 2 (III6) 

is the contribution of the determinant of the two by two matrix Gind + 9s (27rF( 2 ) — C(2)) 
in the directions of S 2 . The contribution ~ 2ip — sin 2ip to the potential comes from the 
integral of B^y There is no contribution from C( 4 ) since the four-form vanishes in the IR 
. Finally the contribution of p units of D3 tension to ( [ffl.l|) comes from the background 
fluxes via the tadpole cancellation condition |14[] . Finally, the potential ( |ffl.l| ) is obtained 
by introducing the appropriate warp factor everywhere. The total potential in ijj has a 
form that depends on p and it is pictured in Figure 3. The real minimum is at ip = 7r and 
it has vanishing energy. 
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